Enthusiasm for photodynamic therapy (PDT) as a promising technique to eradicate various cancers has increased exponentially in recent decades. The majority of clinically approved photosensitizers are hydrophobic in nature, thus, the effective delivery of photosensitizers at the targeted site is the main hurdle associated with PDT. Temoporfin (mTHPC, medicinal product name: Foscan®), is one of the most potent clinically approved photosensitizers, is not an exception. Successful temoporfin-PDT requires nanoscale delivery systems for selective delivery of photosensitizer. Over the last 25 years, the number of papers on nanoplatforms developed for mTHPC delivery such as conjugates, host-guest inclusion complexes, lipid-and polymer-based nanoparticles and carbon nanotubes is burgeoning. However, none of them appeared to be "ultimate". The present review offers the description of different challenges and achievements in nanoparticle-based mTHPC delivery focusing on the synergetic combination of various nano-platforms to improve temoporfin delivery at all stages of biodistribution. Furthermore, the association of different nanoparticles in one nanoplatform might be considered as an advanced strategy allowing the combination of several treatment modalities.
Introduction
Photodynamic therapy (PDT) is a promising minimally invasive treatment, commonly used in medical disciplines, such as dermatology, oncology, gynecology and urology [1] . PDT has been approved for palliative treatment of head and neck tumors, basal-cell carcinoma, biliary tract cancer, lung cancer, T-cell lymphoma and age-related macular degeneration [2] . Currently, clinical trials with PDT are proposed for a wide range of solid tumors, including the brain, breast, lung, pancreas, and prostate. Good therapeutic results and the possibility of combining PDT with other therapeutic modalities in cancerology defines its attractivity [3] .
Phototherapeutics termed photosensitizers (PSs), exhibit the properties such as (i) photo-reactivity; (ii) not-toxicity in the absence of light; (iii) specific accumulation in tumor tissues; (iv) selectivity conferred by a light beam; (v) photocytotoxic activity against targeted cells. Upon light excitation, these molecules generate cytotoxic reactive oxygen species (ROS), inducing cell death and tissue destruction. The efficiency of ROS generation is mainly determined by photophysical properties of PS and penetration ability of excitation light across the tissue. Thus, to be effective PS should possess a high quantum yield of ROS generation and strong absorption in the red and/or infra-red spectral regions [4] . The effectiveness of PDT is also determined by PS pharmacodynamics and biodistribution. Inasmuch as the main intermediator, singlet oxygen, a highly reactive species with a short half-life in biological systems (< 40 ns) [5] , directly affects only molecules and structures that are proximal to the area of its production [6] . Therefore, precise delivery and accurate localization of PS at target sites are required for effective PDT.
Over the last decades, it has been demonstrated that the combination of photosensitizers with nanomaterial platforms enable precise delivery of PS to the target tissues improving the PDT effectiveness. Nanoparticles (NPs) can have numerous advantages as a PS delivery system, such as (i) protection of the PS against enzymatic degradation;
(ii) the control release of PS allowing a constant and uniform concentration into the target cells; (iii) the ability to penetrate target tissues due to their submicron size; (iv) biocompatibility and resorbability through natural pathways and (v) photostability. Moreover, since the most effective PSs tend to be insoluble hydrophobic molecules with a high propensity to aggregate, their encapsulation into nanocarriers could improve their pharmacokinetic properties. Additionally, nanotechnology-based drug delivery systems provide the opportunity for active targeting and for application of multimodal combined therapies.
The present review focuses on the nanoparticle-based delivery systems of potent clinically approved PS temoporfin. Among other secondgeneration photosensitizers, temoporfin possesses unique biopharmaceutical properties defining its high PDT potency. Since the last decade, about 10 reports per year on temoporfin nanoparticles have been published and this number is constantly increasing. However, a state-ofthe-art review of in vitro and in vivo aspects of nanovehicle-based temoporfin delivery, along with a critical discussion of nanoformulations design parameters, perspectives, and challenges regarding in vivo drug distribution is not currently available. Therefore, we have attempted to provide the comprehensive review, aiming to guide future research in photonanomedicine using temoporfin. The successive sections summarize the investigations on the strategies aiming the development of nanotechnology-based temoporfin delivery systems in PDT.
Temoporfin

5,10,15,20-Tetrakis(3-hydroxyphenyl)chlorin
(mTHPC, temoporfin), the standard chlorin-based photosensitizer (PS) since its discovery in the 1980s, is one of the most potent second generation photosensitizers currently available in clinical PDT. In 2011, Senge and Brandt comprehensively reviewed the general aspects of mTHPC application in clinics [7] . Temoporfin was already clinically approved in European Union in 2001 for the treatment of head and neck squamous cell carcinoma using an ethanol anhydrous/propylene glycol-based commercial formulation (Foscan®; biolitec pharma Ltd., Jena, Germany) [8, 9] . In clinical PDT mTHPC is applied at both a very low drug dose (0.15 mg/ kg) and light intensity (order of 10 J/cm 2 ) resulting in a total PDT dose (light dose × PS dose) > 100 times lower compared with other clinically approved PSs, such as haematoporphyrin derivatives [10, 11] and Photofrin [12] .
Photophysical properties of mTHPC were intensively investigated [13, 14] and it appears that they solely cannot account for the high mTHPC-PDT efficacy. Other PS as bacteriochlorin-type TOOKAD® or tin ethyl etiopurpurin (Purlytin™) are also characterized by a high extinction coefficient (90,000/M/cm at 763 nm) [15] or high quantum yield of singlet oxygen Φ Δ = 0.7 [16] . Therefore, the moderate values of both extinction coefficient (30,000/M/cm) and quantum yield of singlet oxygen (Φ Δ = 0.43), as well as the long wavelength of absorbance at 652 nm, could not be the only responsible for high PDT efficiency (Fig. 1) . Thus, it was supposed that the benefits of mTHPC application mainly rely on the capacity of mTHPC to sequester tightly in cells along with its photophysical properties [17] .
Nevertheless, mTHPC-PDT is still not optimal, leaving a much room for improvement. The essential challenge of mTHPC delivery is its poor water-solubility. As a rule, mTHPC is intravenously introduced to the patients as a solution for i.v. injection (Foscan®) containing 1 mg of temoporfin in a 1 ml of a mixture of ethanol anhydrous and propylene glycol [9] in order to palliate its high hydrophobic nature. mTHPC molecules possess octanol-water partition coefficients (logP) > 3 [18] , thus hydrophobic nature defines its pharmacokinetics and biodistribution behavior. Administration of mTHPC as Foscan® formulation prevents the effective formation of non-photoactive aggregates in blood flow after its injection resulting in distorting the pharmacokinetics and reducing drug bioavailability. Foscan® formulation should be injected slowly to avoid drug precipitation at the injection site, however, its administration is accompanied by pain [7] .
More importantly is that mTHPC molecule is highly lipophilic. Lipophilic nature determines its high affinity for lipid microenvironment as lipoproteins or cellular membranes [20] [21] [22] . Thus, complete or partial disaggregation could happen in the circulation upon interaction with blood components, mostly cells and serum lipoproteins [20] . Nevertheless, high mTHPC lipophilicity hampers its diffusion through aqueous surrounding making the redistribution process of PS between binding sites extremely slow [2] . Hereby, a considerable amount of PS moves from aggregates to blood components and further slowly redistributes to target cells. This is why the drug-light interval (DLI) for Foscan® is up to several days [7, 24] , while Verteporfin-PDT may be performed at a dozen minutes after the PS administration [24] . Even when mTHPC reaches the tumor tissue, high lipophilicity leads to the limited PS penetration into the tumor stroma, as was demonstrated on multicellular tumor spheroids and in vivo pre-clinical models [17, 25, 26] . This could be a reason for tumor relapse sometimes observed after PDT. Finally, mTHPC noticeably accumulates in the skin that together with the extremely slow release of mTHPC from the cells [17] results in a prolong post-treatment skin photosensitivity [27] . Eye and skin preservation for 6 weeks after mTHPC injection should be also considered in clinical settings. Most common side effects of Foscan®-based PDT are headache, hemorrhage, dysphagia and edema [28] . Overcoming the mentioned challenges in PS biodistribution could be possible by application of nanomedicine facilities. The use of nanocarriers based on polymers, lipids or non-organic materials provides the opportunity to facilitate administration of hydrophobic drugs as mTHPC and to tune its pharmacokinetics.
Nanodelivery systems for temoporfin
The attempts of NP-based mTHPC delivery have been made since 1995 [29, 30] . Currently, numerous nano-platforms based on a variety of organic and inorganic nanomaterials have been studied for efficient and targeted mTHPC delivery (Fig. 2) . Various strategies of passive and active transport of mTHPC were conducted. Hereafter we review in details all nanoscale-based mTHPC formulations in terms of structural, photophysical and biopharmaceutical properties. The nanoparticles will be present in function of their size and complexity for easy following this review. We will describe the conjugates, inclusion complexes, polymeric and lipid-based NPs, ending up with carbon-based nanostructures. In conclusion, hybrid delivery systems for mTHPC will be reviewed.
The main observations on temoporfin nanocarriers, which achieved in vitro and in vivo evaluation in pre-clinical models, are presented in the Table 1 .
Conjugates
Chemical conjugation of therapeutics with active molecules is one of the oldest strategies of biopharmaceutical improvement. This strategy was applied to introduce the third generation photosensitizers and was comprehensively reviewed by Senge [27] . There are many types of common biomolecules which are suggested to be conjugated with mTHPC to improve its solubility, i.e. polymers [31, 32] , to increase drug selectivity against tumor, i.e. glucose [18, 100] , folic acid (FA) [35] , monoclonal antibodies [36, 37] or to overcome the post-treatment side effects using anti-inflammatory agents i.e. ibuprofen [38] (Fig. 3) . It should be noted, that covalent linkage may be subjected to damage in biological media and may also affect photophysical properties of dyes.
The simplest way to solubilize drug is to prevent the interaction between its molecules. Poly(ethylene)glycol (PEG) is considered as a common solubilizing molecule, which could be covalently bound to mTHPC, according to the patent of Sinn & co-workers in 1991 [101] . The hydrodynamic diameter of PEG depends on the polymerization degree (i.e. 3 and 5 nm for PEG-2000 and PEG-5000, respectively) [102] . Following the optimization of conjugates, the degree of PEG polymerization varied and mTHPC-PEG-2000 was pre-selected for further in vitro studies due to its stability in biological media and a lowest dark toxicity in Colo26 colorectal tumor cells [32] . Obviously, PEG conjugates prevent mTHPC aggregation as well as the PS interactions with lipoproteins. Moreover, PEG molecules commonly have a limited intracellular accumulation that theoretically could reduce PDT efficiency. Practically, solubilization of mTHPC due to conjugation with PEG prolongs 2 times its half-time in murine plasma [103] and significantly improves selectivity, demonstrating a better accumulation in human LS174T colon carcinoma xenografts (tumor-to-muscle ratio up to 20) and a lower level in liver compared with free mTHPC [29] . Nevertheless, the photodynamic efficiency of mTHPC-PEG compounds did not exceed that of free mTHPC in xenografts [29] [30] [31] 33, 34] .
Another strategy is to use small active molecules as solubilizers for mTHPC. For example, glucose [18] and FA [35] (the size is < 1 nm [104] ) were conjugated with mTHPC and modulated its water solubility by creating a balance between hydrophilicity and hydrophobicity. Additionally, in the case of glucose, it has been hypothesized that targeting of glucose metabolism may provide a selective targeting of cancer due to the Warburg effect [105] . However, in vitro studies performed using Fig. 1 . Absorbance (black) and fluorescence (red) spectra of mTHPC in methanol. Adapted and reprinted with permission from ref. [19] . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Fig. 2 . Nanoplatforms already applied for mTHPC delivery.
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NP Targets Observations
Ref.
Conjugates PEG Nude mouse bearing xenografts LS174T, chinese hamster with induced early squamous cell carcinoma in the cheekpouch mucosa Compared with free mTHPC: longer plasma half-time and lower liver uptake; lower penetration depth in the tumor tissue in vivo; higher the maximal tumor-to-muscle ratio in vivo; no selectivity in early squamous carcinoma cells in vivo (hamster mucosa); no significant difference after PDT. [29, 30] Nude mice bearing xenografts Colo26 Compared with free mTHPC: increased plasma half-time; lower tumor necrosis depth in vivo; no significant muscle damages; PEG chain length had relatively little effect on the patterns of mTHPC bioactivity. [31, 32] Nude mouse bearing human squamous cell carcinoma and adenocarcinoma xenografts; minipig Larger tumor necrosis in squamous cell carcinoma, but not in adenocarcinoma xenografts in mice in vivo compared with free mTHPC. No visible normal tissue alterations after mTHPC-PEG administration in minipigs in vivo.
[33]
Female RAG-2-mice bearing xenografts XF 354
No significant therapeutic effect observed in vivo.
[34]
Glycose HT29 monolayer cells
The asymmetric TPC(m-O-GluOH) 3 exhibited higher phototoxicity in vitro compared to free mTHPC. An active receptor-mediated endocytosis mechanism of conjugates' internalization. Intracellular localization in mitochondria.
[18]
Folic acid HT29 and KB monolayer cells; nude mouse bearing xenografts HT29 and KB Active targeted accumulation in KB tumors in vivo compared with free mTHPC [35] Monoclonal antibodies UM-SCC-22A, UM-SCC-22A, UM-SCC-22B, HNX-OE monolayer cells; nude mouse bearing xenografts HNX-OE Stable in serum. Low dark toxicity along with decreased intracellular accumulation and PDT efficiency in vitro. Selective targeting of the sensitizer to the tumor in vivo. [36, 37] Non-steroidal anti-inflammatory drugs SKGT-4, OE33 monolayer cells All conjugates successfully entered the cells and whilst no cytotoxicity in vitro was observed.
[38]
Gold nanoparticles (180 nm) [51]
PLGA-PEG nanoparticles (97 nm) J774.A1, HT29 monolayer cells; male CD-11 Crl:CD1(ICR) mouse Reduced dark cytotoxicity along with equal PDT efficacy in vitro compared with free mTHPC. Improved in vivo distribution after injection. [52] Silica-based nanoparticles Organically modified silica nanoparticles (33 nm) KYSE 510 monolayer cells Reduced intracellular uptake, however similar to free mTHPC phototoxicity in vitro. [53] (continued on next page) [58]
Nude mouse with induced skin carcinoma
Significant selectivity between the lesion and normal surrounding skin at 4 h.
[59]
Nude mouse bearing xenografts HT29 High selectivity in vivo: the average tumor-to-muscle and the tumor-to-skin selectivity were 6.6 and 2, respectively. Rapid biodistribution and clearance from the bloodstream.
[60]
GBC, BDC monolayer cells Lower accumulation and dark toxicity in cells in vitro compared to Foscan®. Almost identical behavior of both formulations in the presence of serum.
[23]
Nude mouse bearing xenografts EMT6 Slow mTHPC release from liposomes and inhomogeneous distribution in the tumor in vivo after intratumoral administration. Optimal, albeit partial, cure rates at 24 h post-administration.
[61]
HeLa monolayer cells Similar to Foscan®uptake in tumor cells in vitro. The decrease of mTHPC fluorescence life-times during incubation.
[62]
Female Foxn1 nu/nu mouse bearing xenografts EMT6 Tumor-to-muscle ratio in vivo was 3.6 from 6 to 15 h DLI. Illumination intervals at 6 and 15 h were the most effective in terms of growth delay.
[63]
Nude female SKH-1 mouse Significant acceleration of wound healing after PDT in vivo.
[64]
PC-3 monolayer cells
Foslip®-based PDT resulted in severe damage of both RNA and DNA in vitro.
[65]
Female Fisher-344 rat bearing xenografts R3230AC
Higher bioavailability in vivo than Foscan®.
[66]
Male Wistar rats with induced carcinoma of oral epithelium Comparable to Foscan® fluorescence in the subepithelial stroma in vivo. Higher fluorescence in the tumor in vivo at 2, 4, and 8 h compared to Foscan®.
[67]
Free and EMT6 xenografted fertilized chicken eggs Quick destruction of liposomes in blood in chick chorioallantoic membrane in ovo. The destruction and occlusion of the smaller vessel at 1 h DLI and total occlusion of the treated area at 3 h DLI after PDT in ovo.
Tumor necrosis was 30% at 15 min as well as at 1 h DLI.
[68]
Nude mouse bearing xenografts HT29 Quick drug efflux from Foslip® in plasma in vivo. High elimination rate from the skin in vivo. Release from vasculature to tumor stroma at 15 h. Tumor growth delay was 44.4 days at 24 h DLI.
[69]
Nude mouse bearing xenografts CAL-27 PDT-induced apoptosis and tumor vascularization damage in vivo at 2 days after treatment. Decrease of tumor volume at 20 days after PDT.
[70]
Female C57BL/6 mouse with induced acute colitis Reduced intestinal tumor growth in vivo. Prevention of a dysbiotic microbiota in colitis-associated cancer in vivo model.
[71]
HeLa monolayer cells; multicellular HeLa spheroids Higher uptake and lower dark cytotoxicity in monolayer cells in vitro compared to free mTHPC. Less homogeneous distribution in spheroids in vitro than free mTHPC. Slightly better PDT efficiency in monolayer cells and in spheroids in vitro than free mTHPC.
[72]
Nude mouse bearing xenografts CAL-33
The increased tumor-to-skin ratio in vivo compared to free mTHPC. Enhanced accumulation of mTHPC in all tissues. The better therapeutic antitumor effect in vivo than free mTHPC.
[73]
143B, K7M2L2 monolayer cells; female SCID mouse bearing xenografts 143B; female BALB/c mouse bearing xenografts K7M2L2 No significant difference, lower dark cytotoxicity and higher PDT efficiency in cells in vitro compared to Foscan®. Enhanced uptake in tumor and slightly higher antitumor efficiency in vivo compared to Foscan®. Similar to Foscan® effect on pulmonary metastases and tumor perfusion in vivo.
[74]
Multicellular HT29 spheroids
Limited penetration of mTHPC in spheroids in vitro.
[75]
HT29 monolayer cells; multicellular HT29 spheroids Lower accumulation in cells in vitro compared to free mTHPC. Low penetration ability of mTHPC in spheroids in vitro. [76] (continued on next page) [78]
A549, CCD-34Lu monolayer cells Lower accumulation, dark cytotoxicity and photocytotoxicity in cells in vitro compared to free mTHPC.
[79]
Female Fisher-344 rat bearing xenografts R3230AC Higher bioavailability in vivo than Foscan®. The highest tumor fluorescence in vivo at the earlier time points compared to Foslip® and Foscan®.
Female Wistar rat bearing xenografts MC28 Decreased plasma clearance and lower skin photosensitivity in vivo compared to Foscan®. Increased accumulation in the tumor in vivo and the tumor-to-skin ratio was 6. A greater percentage of tumor necrosis at low dose PDT.
[80]
LNCaP monolayer cells
Enhanced intracellular uptake and photodynamic activity in cells in vitro.
[81]
Male Wistar rats with induced carcinoma of oral epithelium Higher fluorescence in normal and tumor tissue in vivo compared to both Foscan® and Foslip®.
Free and EMT6 xenografted fertilized chicken eggs Significantly higher stability, slower drug release, better tumoricidal effect and lower damage to the normal vasculature in chick chorioallantoic membrane in ovo at already 1 h DLI as compared to Foslip®.
Nude mouse bearing xenografts HT29 Higher levels for the first 6 h in plasma in vivo compared to Foslip®. Slow release form vasculature in vivo.
Higher in vivo PDT efficiency at shorter DLI compared to Foslip®.
Nude mouse bearing xenografts HT29 The rapid uptake of mTHPC in the liver in vivo followed by a fast clearance. Tumor-to-skin ratio was 3.8 at 2 h.
[82]
C666-1, HK1, CNE2 monolayer cells No P-gp-mediated efflux in cells in vitro. Induction of over-expression of MDR1 gene transcript and P-gp proteins after PDT.
[83]
HeLa monolayer cells; multicellular HeLa spheroids No significant differences in penetration and PDT efficiency in spheroids in vitro compared to Foslip® [72] DMPC/Gemini liposomes COLO206, LN229, U118, A172, DBTRG, C6 monolayer cells Cationic gemini surfactant increased mTHPC cellular uptake and resulted in a high grade of photocytotoxic effect in vitro.
[ [84] [85] [86] [87] Invasomes (105-170 nm) Nude mouse bearing xenografts HT29 Treatment with mTHPC-loaded invasomes with 1% terpene mixture resulted in a slower increase in tumor size in vivo [88] Human female abdominal skin The increase of mTHPC amount in deep stratum corneum and deeper skin layers in vitro compared to free mTHPC [89] Flexosomes Human abdominal skin Cationic flexosomes delivered the highest mTHPC amount to stratum corneum and deeper skin layers compared to anionic and neutral ones.
[ glucosylated mTHPC demonstrated less intracellular uptake in human colorectal adenocarcinoma (HT29) monolayer cells than that of the free drug [18] . Nevertheless, photodynamic efficiency was increased in the case of (TPC(m-O-Glu) 3 ) compared with symmetrical (TPC(m-O-Glu) 4 ) and free mTHPC. At the same time, water-soluble vitamin B9 or FA could be used as targeting agents for cancers that overexpress folate receptor (FR-α) on their cellular membrane, like ovarian, breast and lung cancers [106] . In 2008, Gravier et al. tested FA-conjugated mTHPC in a mouse xenograft model in vivo using KB cells rich in FR-α and HT29 cells as a negative control [35] . This study indeed demonstrated that FA-mTHPC conjugates were strongly accumulated in the KB tumors with a tumor/normal tissue ratio > 5.0, compared with that of 2.1 for free mTHPC; equal accumulation was noted for both formulations in HT29 tumors. The selectivity of the drug against a specific cancer type could be achieved using tumor-selective monoclonal antibodies. With this aim, Vrouenraets and co-workers conjugated mTHPC with neck squamous cell carcinoma-selective chimeric monoclonal antibody (cMAb) U36 [36, 37] . The size of cMAb is about 10 nm, as was estimated for IgG [102] . Despite the optimistic in vitro results on serum stability and immunoreactivity, mTHPC loading ratio was only several molecules per cMAb that was not enough for efficient PDT treatment of U36 monolayer cells in vitro. The experiments in vivo in tumor-bearing mice demonstrated that the tumor/skin ratio was 3.5 times higher compared with mTHPC, nevertheless it was concluded that successful PDT application of mTHPC-MAb conjugates requires a high level of total conjugate binding and is possible only for internalized MAbs.
To go further in order to improve PDT therapeutic efficacy, the combined therapy using non-steroidal anti-inflammatory drugs was proposed. Rogers and co-workers theorized that a conjugate will undergo biological cleavage to deliver the PS and anti-inflammatory drug at the tumor site [38] . With this aim, they successfully synthesized the library of "iPorphyrins" composed of mTHPC conjugates with nonsteroidal anti-inflammatory drugs to specifically target the tumor microenvironment. However, the covalent linking of mTHPC to nonsteroidal anti-inflammatory drugs significantly reduced the efficiency of singlet oxygen production. Therefore, it is not surprising that the phototoxic effect was not observed in the esophageal carcinoma OE33 and SKGT-4 cells despite the successful intracellular accumulation of conjugates. It is one of the examples of how covalent binding of mTHPC with biomolecules influences photophysical properties of PS thus complicating the prediction of photodynamic response of such compounds using standard uptake studies in vitro.
Finally, mTHPC could be conjugated with nanoplatforms such as gold nanopartcles (AuNPs). AuNPs are non-toxic, biocompatible and provide a relatively long circulation time of drug bound to their surface [107] . Haimov with co-workers synthesized 180-nm mTHPC-AuNPs allowing to passively target the hyper-permeable tumors taking the benefits of enhanced permeability and retention (EPR) effect [39] . This also offered an opportunity to use mTHPC-AuNPs as contrast agents for computed tomography imaging in vitro and in vivo [108] . Surprisingly but photophysical properties of mTHPC remain almost unchanged after the conjugation with AuNPs, probably due to the low loading of mTHPC per NP. The studies in vitro demonstrated the potency of mTHPCAuNPs, namely NPs internalization in human neuroblastoma cells SH-SY5Y and a better PDT effect of conjugates compared with free mTHPC.
It should be also noted that other biomolecules were proposed for conjugation with PSs. For example, the association of PSs with peptides and proteins is recognized as a successful method for enhancing the selectivity and efficacy of photodynamic treatment. Giuntini et al. have already described in the review paper the advances of various peptideappended porphyrin systems [109] . To date, the focus of investigations is shifted to nanoparticle-based systems, which are non-covalently bound to mTHPC.
Host-guest supramolecular complexes
Supramolecular systems are one of the most versatile strategies in PS delivery [110] . Initially, in 1999, cyclodextrins (CDs) were proposed only as an approach for mTHPC detection in blood [111] and only in 2016 the first report on CD-based independent delivery of mTHPC was published [41] . Since that time, it has been demonstrated that mTHPC efficiently forms supramolecular non-covalent complexes of few nanometers in size with one or two CD molecules (Fig. 4) , causing the monomerization of PS molecules in the aqueous surrounding in the presence of CDs [100, [111] [112] [113] . It should be noted that the complex formation process strongly depends on the type of CD and especially on its substitutes [111, 114] .
Deep investigations of CDs as pharmaceutical agents demonstrated that depending on the affinity to the drug, the CD could act as a drug [115] .
In the case of mTHPC, K values are huge reaching 1 × 10 7 M −1 for completely methylated β-CD [114] and as such determining the unique properties of β-CDs as mTHPC nanoshuttles [40, 41] . Overall, co-administration of β-CDs/mTHPC complexes could solve several mTHPC drawbacks at once: 1) mTHPC is monomeric from the onset of administration and during the whole circulation time [41] . Additionally, such high affinity allows using CD concentrations as low as 0.5-5 mg/ kg being much lower than toxicity limits (estimated as 40-100 mg/kg and higher) [115] . Even after dilution of complexes in blood, their dissociation resulted in a quick mTHPC redistribution to transport proteins instead of PS self-aggregation. 2) Distribution of mTHPC in serum is modulated by both concentration and type of CD [41] . The presence of a large amount of β-CD results in mTHPC sequestration in inclusion complexes. This also leads to the shift of equilibrium distribution of PS in serum to the inclusion complexes. The high affinity of CDs to mTHPC determines the formation of complexes in serum even in the presence of many potential mTHPC binding sites.
3) The CD-mediated nanoshuttle mechanism for mTHPC offers the opportunity to accelerate mTHPC redistribution between transport proteins themselves and between transporters and cellular membranes (Fig. 5A ). In the presence of CDs, mTHPC almost completely redistributes between lipoproteins in vitro within 30 min [41] , while in CD free medium this process takes > 20 h [20] . 4) Intratumoral mTHPC distribution is improved. CD nanoshuttles accelerate accumulation in tumor cells and strongly improve mTHPC penetration in multicellular tumor spheroids (Fig. 5B) . This is possibly due to the small size of CD nanoshuttles (1-2 nm), which easily diffuse into the interstitial medium [40] . These observations were confirmed in xenografted tumors in vivo, where the maximal level of mTHPC fluorescence from the surface of HT29 tumor was achieved at already 2 h post-administration of mTHPC/CD complexes [41] . Finally, ex vivo fluorescence analysis of isolated tumors at 24 h after injection demonstrated that co-administration of mTHPC with methyl-β-CD increases the total fluorescence signal 1.3 times from isolated tumors compared with free mTHPC (from 196 ± 26 a.u. to 247 ± 30 a.u., p < .05) [41] . 5) Biodistribution of mTHPC is favorably modified [41] . The application of β-CDs decreased the level of mTHPC 1.5-3 times in skin and muscle tissues that together with better PS accumulation in tumor results in the increased therapeutic ratio (tumor/skin or tumor/ muscles) up to 2 times (Fig. 5C) . Moreover, the small size of CDs and strong binding to mTHPC leads to the changes of mTHPC excretion routes: the level of mTHPC in the liver is reduced 1.5 times and increased in kidneys 1.8 times compared to free mTHPC administration.
Overall, the application of CDs significantly improves the delivery of mTHPC at all stages of PS distribution, making CDs powerful nanocarriers for mTHPC. Further, CDs are supposed not to penetrate into cells [116] , therefore they modulate only transportation of PS to the tumor cells keeping intact favorable photobiological properties of PS. Nevertheless, the supramolecular complex lacks long-term stability that together with a strong dependence of CDs effects on their concentration complicates the control of PS delivery at the target site. Moreover, individual application of the supramolecular complex in vivo is problematic due to the dilution of CD-mTHPC complexes and a rapid CD excretion from the circulating system after intravenous injection [117] .
Polymeric NPs
To date, macromolecular-based nanocarriers attract the most attention in terms of PS delivery [118] . These nanocarriers possess beneficial advantages, which mainly reside in their excellent colloid dispersity in water enabling solubilization of hydrophobic PS in physiological conditions. Moreover, compared to supramolecular complexes, the size of macromolecular NPs is easily modulated in the nanometer range providing tumor targeting by EPR effect [119] . Although the limitations of EPR are now acknowledged [120] , it remains the main process of passive targeting of NPs to tumors. Phospholipids or polymers including FDA-approved synthetic polymers or biopolymers are popular materials for the creation of organic NPs. Polymeric NPs can be formed by self-assembly of biodegradable polymers, which spontaneously assemble into a core-shell structure in an aqueous environment minimizing the system's free energy. Additionally, their surface properties, morphology, and composition can be easily modified to control NP degradation and kinetics of drug release. Next part of this review related to polymeric NPs will be divided into several items according to NP structure: micelles, solid NPs, silica-and protein-based NPs.
Micelles
Micelles are the example of colloidal nanocarriers, micro/nanospheres, polymer-drug conjugates and liposomes [119, 121] . Generally, micelles are fabricated based on the self-assembly of amphiphilic blocks or graft co-polymers. The hydrophobic core of micelles can accommodate hydrophobic drugs, whereas their hydrophilic shell ensures the possibility for active targeting or additional protection of NPs with PEG molecules. It is worth noting that polymeric micelles are resistant to dilution effects, for example, they keep initial structure intact upon intravenous administration of the drug formulation due to the very low critical micelle concentration of polymeric surfactants. There are Fig. 4 . The schematic representation of (A,B) CD structure and (C) inclusion complexes with CDs. Adapted and reprinted with permission from ref. [114] .
I. Yakavets, et al.
Journal of Controlled Release 304 (2019) 268-287
several possibilities to encapsulate hydrophobic drugs, such as physical entrapment to the hydrophobic core and/or covalent binding to the polymer molecules. Still, in the case of mTHPC, the latter may not be preferred due to the significant changes of photophysical properties and uptake limitations. Thus all micellar formulations of mTHPC encapsulate PS within the hydrophobic core (Fig. 6 ). The evolution of mTHPC micellar formulations includes several stages. In 2008, Hofman et al. were the first to report the use of biodegradable mPEG750-b-oligo(ɛ-caprolactone) 5 micelles (10 nm in size) loaded with mTHPC in 15% (w/w) feed ratio (loading efficacy was 90%) [42] . However, the authors reported the necessity of site-specific enzymatic micelle degradation and subsequent mTHPC release for effective cellular mTHPC uptake as an explanation of comparable with free mTHPC photocytotoxicity in 14C cells. That is why in 2017 they proposed the updated mTHPC-loaded micelles as an approach to treat atherosclerotic lesions using PDT modality [48] . The next step was to change the mechanism of mTHPC release in order to increase the accumulation of PS for efficient PDT. It has been proposed to use pHresponsive poly(2-ethyl-2-oxazoline)-b-poly( D , L -lactide) (PEOz-b-PLA) as well as poly(ethylene-glycol)-methacrylate-co-2-diisopropylamin (PEGMA-co-DPA) di-block co-polymers in micelles formation to achieve control drug release at the tumor site [44, 45] . The obtained micelles were about 100 nm in size (77 nm for PEOz-b-PLA and 140 nm for PEGMA-co-DPA) and possessed a high loading efficiency (a percentage of drug loaded in NP) of mTHPC (92.5% and > 80% for PEOz-b-PLA and PEGMA-co-DPA, respectively). It was hypothesized that NP with such size will passively target tumor and that mTHPC will be released in the tumor microenvironment, which is characterized by low pH 5.0. However, despite not optimistic in vitro results [44, 45] , in HT29 tumor bearing mice, the authors demonstrated reduced skin photosensitivity of micellar mTHPC formulation alongside with the similar to free mTHPC antitumor PDT efficiency. The successful PDT using micellar mTHPC was achieved in the case of integrin-rich U87MG tumors [46] .
Using the mixture of chitosan-vitamin E succinate conjugates and D-α-tocopheryl-PEG conjugates grafted with cyclic RGD peptide Wu and coworkers prepared 145-nm micelles and loaded them with mTHPC with a loading efficiency 50%. Such active targeting improved accumulation and PDT efficiency in monolayer cells and increased mTHPC penetration depth in multicellular tumor spheroids in vitro, while in vivo RGDmodification resulted in inhibition of the growth of U87MG tumors without any toxicity to other tissues.
Recently, the concept of polymeric micelles was updated with new amphiphilic DNA-based co-polymers [122] . Thus, Liu and co-workers efficiently incorporated mTHPC in 11-nm lipid-DNAs micelles (loading capacity 11.7%, w/w) [47] . In vitro studies demonstrated better biocompatibility and reduced dark toxicity of mTHPC loaded lipid-DNAs micelles in various cell lines compared with free mTHPC. However, a high loading capacity in DNA-based micelles also has a negative aspect consisting of concentration quenching [47] , determining the dependence of PDT efficiency of DNA-based micelles on drug release processes. Immunogenicity of DNA-based micelles was not addressed in this study. An interesting perspective could be offered by the bare DNA self-assembly NPs. Indeed, the previous research on these NPs demonstrated a low level of their immunogenicity, indicating the biosafety of DNA-based materials [123] .
Solid polymeric NPs
Solid polymeric nanospheres are defined as colloid stable nanostructures. Such NPs consist mainly of biocompatible and biodegradable components exhibiting controlled drug release through biodegradation after the intracellular accumulation of NPs. Depending on the type of polymers, various size of nanospheres could be obtained, i.e. ultrafine 2-3 nm polyacrylamide NPs [49] , 145-nm poly-( D , L -lactide-co-glycolide) (PLGA) NPs [51] , polyplex NPs based on chitosan (ca 498 nm) or chitosan oligomer lactate (ca 728 nm) polymer [124] . The opportunity to synthesize ultrafine NPs for mTHPC delivery was used by Gao De and 
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co-authors [49] . The authors supposed that these NPs could be of interest in vivo due to their ultrasmall size and potential low protein and macrophage adsorption. To date, in vitro studies demonstrated PDT cytotoxicity in C6 rat glioma cells. The most common polymer used for solid NPs preparation is PLGA. Owing to excellent biocompatibility and biodegradability, PLGA has been approved by the US Food and Drug Administration (FDA) [125] . After cellular uptake, it undergoes hydrolysis generating two monomers (lactic acid and glycolic acid) with very low systemic toxicity. Therefore, in 2011 Low and co-workers proposed PLGA-based nanospheres as an mTHPC delivery system. With this aim, they synthesized PLGA nanospheres of 283.2 ± 20.4 nm and tested their efficiency against HT29 monolayer cells and multicellular tumor spheroids [50] . PLGA nanoparticles successfully delivered mTHPC to HT29 cells, released it into the cytoplasm and caused apoptosis after illumination. However, no further changes in PS accumulation and distribution in both monolayer and spheroid models were observed compared with free mTHPC, probably because of untimely release. Photocytotoxicity in monolayer cells was also comparable with free mTHPC. To prevent adverse interaction of PLGA NPs with proteins and mononuclear phagocytic system, PEGylation of NPs was performed [51, 52] . Depending on the preparation technique, the particles from 100 to 170 nm were obtained and loaded with mTHPC. PEGylated mTHPC-PLGA nanospheres were sufficiently stable in serum over the observed time frame [52] . Nevertheless, PEG shell is also the hydrophobic environment and may bind mTHPC, therefore substantial leak of the drug may occur in the presence of serum proteins [51] . Concerning in vitro efficiency, PLGAmTHPC-NPs with PEG shell displayed similar behavior as ultrafine nanospheres. Finally, the study of mTHPC biodistribution upon its delivery by PLGA NPs demonstrated similar to Foscan® tumor selectivity raising the question on the possible improvement of PLGA platform with active targeting molecules or stimuli-response moieties. Recently, PLGA-nanospheres were upgraded using light-degradable aliphatic polycarbonate moieties for the controlled release of mTHPC [126] . To date, no in vitro data on the interaction of synthesized NPs with cells are available, however, the proposed NPs are activated at 365 nm suggesting significant limitations of its in vivo application due to the small penetration depth of UV light.
Along with the conventional materials for polymeric NPs as PLGA, some specific nanomaterials were applied such as chitosan polymer or chitosan oligomer lactate [124] . These natural biodegradable polymers are nontoxic, biocompatible, biodegradable, can be easily chemically modified, have a relatively low cost and certain flexibility to respond to pH changes [127] . Thus, chitosan polymer or chitosan oligomer lactate were used for the preparation of biodegradable polyplex nanospheres [124] . These NPs possessed the size of > 300 nm and at pH = 5.0 they were unfolded increasing in size up to 500 nm. However, as many strategies, such NPs passed only the basic release experiments, so additional in vitro and in vivo experiments are needed to assess the applicability of natural biodegradable nanospheres in mTHPC-PDT.
Silica-based NPs
Silica-based NPs (SiNPs) represent porous nanospheres which can be loaded with organic molecules by covalent links to the silica matrix or by simple entrapping as in the case of hydrophobic mTHPC. SiNPs are transparent to light and photochemically inert. The first studies on mTHPC-SiNPs were performed by Yan and Kopelman in 2007 [128] . The authors hypothesized that SiNPs may decrease mTHPC photodegradation and further demonstrated the reasonable generation of singlet oxygen by 180-nm mTHPC-SiNPs. However, this approach works only when entrapped mTHPC is delivered to cells in association with the silica matrix. As was mentioned above, the drug release mechanism is usually essential for such nanoplatforms, nevertheless, the balance is needed. For example, SiNPs were organically modified to deliver mTHPC to human oesophageal squamous carcinoma KYSE 510 cells [53] . The authors successfully entrapped mTHPC in feed ratio of 1% (w/w) into 41-nm organic-modified SiNPs (ORMOSIL NPs). However, without PEG coating, mTHPC is completely released from OR-MOSIL to serum proteins in 1 h making NPs inefficient as nanocarriers. Silica NPs with delayed mTHPC release demonstrated PDT potency in vivo in MDA-MB-231 − bearing Nu/Nu mice compared with conventional mTHPC formulation Foscan® [55] . Moreover, the authors reported that mTHPC-loaded SiNPs could pass through the blood-brain barrier [55] , as was already demonstrated for PEGylated SiNPs [129, 130] , perhaps, due to the receptor-mediated endocytosis by the endothelial cells of the brain capillary followed by transcytosis and specific-transporters support [131] . Based on that, the authors suggested SiNPs as a potent delivery system for mTHPC against brain metastases [55] .
In fine, silica-modified calcium phosphate NPs were used as a multifunctional theranostic platform that regroups near-infrared fluorescence optical imaging with optimized tumor targeting and PDT. With this aim, Haedicke and co-workers embedded mTHPC into synthesized 200-nm CaP/PEI/SiO 2 and attached near-infrared fluorescence agent DY682 along with RGDfK-peptide for active targeting of CAL-27 tumor (Fig. 7) [54] . SiNPs-RGD loaded with mTHPC were selectively accumulated in the tumor tissue in vivo (Fig. 7B) . PDT with these NPs was rather efficient (75% of cured mice) (Fig. 7C ). In addition, the authors demonstrated PDT-induced damage of tumor vasculature using IRDye® 800CW RGD and detected apoptotic tumor cells already 2 days post-PDT (Fig. 7D ).
Protein-based NPs
Protein nanoparticles have better biocompatibilities, biodegradability, non or low -antigenicity and thus could be also attractive material for drug delivery platforms [132] . For instance, human serum albumin (HSA) is one of the most known natural transporters of PS in serum [133] and has been proposed for the preparation of proteinbased nanocarriers for PSs. mTHPC molecules, however, possess low affinity to HSA binding sites [20] , thus mTHPC encapsulation requires chemical cross-linking of HSA to obtain porous NP structure (Fig. 8) . Chemical cross-linking of HSA units results in the formation of 150-200 nm porous NPs [56, 134] . Such microenvironment is supposed to induce non-covalent adsorption of drug molecules to the surface of HSA and can be altered by varying the cross-linking degree between HSA units as was performed for mTHPC [57] . In vitro studies of mTHPC-HSA NPs on Jurkat cells demonstrated efficient intracellular accumulation and similar to free mTHPC total phototoxicity. The in vivo potency of HSA-NPs is questionable, however, the opportunity to adjust drug release and size by varying cross-linking degree makes such platforms very flexible.
Lipid-based NPs
In the range of natural biomaterials, lipids as one of the main components of biological membranes and lipoproteins as serum transporters are particularly attractive. Lipid-based drug delivery systems have shown effective size-dependent properties together with a high degree of biocompatibility and versatility [135] . Moreover, lipid-based NPs should be very capacious due to the high affinity of mTHPC to lipid microenvironment. Finally, phospholipids are major components of biological membranes and could be easily incorporated in membrane structures providing required drug release upon the fusion with biomembranes. In the next chapters, we shall review several types of lipidbased NPs used for mTHPC delivery, including vesicular (liposomes and extracellular vesicles) and solid lipid nanoparticulate systems.
Liposomes
Among various lipid-based formulations, classical "liposomes," which primarily consist of phospholipids (basic components of cellular membranes) were extensively studied as mTHPC nanocarriers [136] . Liposomes represent bilayered phospholipid nanocapsules which could be loaded with hydrophobic compounds in the lipid bilayer (Fig. 9) . Liposomes could contain a lot of mTHPC molecules in the monomeric state without destabilization of the lipid bilayer (up to 1:13 drug to lipid ratio) due to the hydrogen bonding between lipids and mTHPC molecules [137] . Biolitec AG (Jena, Germany) proposed a commercial mTHPC liposomal formulation Foslip® which is based on the conventional dipalmitoylphosphatidylcholine (DPPC) liposomes (ca 120 nm) with the addition of 10% negative charged dipalmitoylphosphatidylglycerol (DPPG) lipid to the bilayer for colloidal stability [138] . After two decades of investigation, we can state that Foslip® is one of the most successful and the most studied mTHPC nanoformulation. Since the first report in 2005, over 25 papers have been published reporting various aspects of Foslip® characterization and application in mTHPC-PDT (Table 1) .
Briefly, liposomes were successfully internalized into cellular membranes ensuring efficient mTHPC accumulation in many types of cancer cells [23, 62, 65, 72, 74] . After internalization, the liposomal membrane is simply fused with cellular membranes and mTHPC is redistributed between cellular compartments. Thus, no apparent difference in intracellular localization of Foslip® and free mTHPC was observed. The most important is that Foslip® overcomes almost all drawbacks of free mTHPC during its biodistribution, namely:
1. Lipid microenvironment provides complete monomerization of mTHPC during all stages of its distribution in vivo [58, 60, 63] . Moreover, Foslip® is administrated in the water-buffer solution thus reducing the pain and negative effects upon injection. 2. Foslip® demonstrated higher bioavailability [66] and tumor selectivity than free mTHPC at shorter post-injection times [60, 67] . Indeed tumor-to-muscle ratios were up to 9 already after 15 h postadministration compared with 24 h and more for Foscan® [69] . Significant selectivity of Folsip® between the lesion and normal surrounding skin at 4 h was observed in a non-melanotic skin tumor model [59] . Moreover, application of liposomal mTHPC formulations decreased dark cytotoxicity, keeping high phototoxicity of mTHPC in vitro [23, 65, 72] and thus providing the opportunity to decrease general post-PDT photosensitivity. 3. Foslip® showed appropriate PDT-efficiency in xenografted tumor models [69, 73, 74, 80] . It was observed that PDT at very short (1−3 h) drug-light-intervals (DLIs) induces persistent oedema, significant ectoderm hyperplasia and a decreased vessels density in ovo in xenografted chick embryo chorioallantoic membrane model [68] . In the case of xenografted mice, DLIs of 6 h and more were effective in terms of growth delay [63, 69] .
Additionally, Foslip® was successfully applied in a low-dose PDT treatment. Foslip®-based PDT-induced photoimmunomodulation resulted in a considerable acceleration of wound healing [64] . Moreover, low-dose Foslip®-PDT demonstrated promising results as a treatment modality to prevent colitis-associated carcinogenesis in a murine model of ulcerous colitis [71] .
Nevertheless, liposomes still present some unsolved drawbacks. In fact, due to their big size and lipid composition, tumor cells internalize liposomes either by fusion or by one of the endocytosis mechanisms [139] . These factors significantly limit the penetration of mTHPC loaded in liposomes across the tumor tissue as was observed in multicellular tumor spheroids in vitro [72, 75, 76] . Inhomogeneous distribution of mTHPC in tumor can result in relapse of tumor growth in vivo [70] , and was even observed after intratumoral in vivo administration of Foslip® [61] . Additionally, intravenously administrated liposomes are rapidly disintegrated in blood upon the interaction with serum components releasing almost all PS [69, 140] . Thus, after 6 h post-administration, only 40% of intact liposomes remain in plasma. It is worth noting that liposomes destabilization is mainly the result of lipid 
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transfer between lipoproteins and lipid vesicles. This transfer is also accompanied by redistribution of PS to serum proteins [140] [141] [142] [143] . Due to both the release and liposome destruction, Foslip® pharmacokinetics after already 6 h post-administration reflects the circulation of free mTHPC released from the liposomes [69] . Sterically protected PEG-modified liposomal formulation mTHPC, Fospeg® (Biolitec Pharma Ltd., Jena, Germany), was proposed to overcome the destruction of liposomes and to increase a plasma halflife. Foremost, Fospeg® exhibited the absence of carrier destruction and due to the PEG steric protection, a significantly higher amount of mTHPC remains in liposomes compared to Foslip® [69] . Fospeg®, as well as Foslip®, demonstrated reduced dark cytotoxicity effects in monolayer cells in vitro [78, 79, 81] . Additionally, incorporation of mTHPC into long-circulating PEGylated liposomes provided a high tumor selectivity and accumulation even at 4 h post-injection compared with 24 h for Foslip® or Foscan® [63, 69, 77, 80, 82] . As such, PDT efficiency with Fospeg® was determined as maximal for short DLIs (15 h) and this is the main advantage of sterically stabilized liposomes compared with non-pegylated Foslip® [69, 77, 82] . Therefore, Pegaz and coauthors proposed Fospeg® as a potentially suitable compound for obtaining more selective killing of choroidal neovasculature for age-related macular degeneration with PDT. Moreover, recent studies related to photodynamic treatment of multidrug-resistant cells suggested that Fospeg® could be used to overcome MDR1-related cancer drug resistance [83] . It should be noted that similar effect was also demonstrated for free mTHPC [144] . Nevertheless, the steric protection does not solve the problem of liposome penetration in tissue making it even worse [72] . It was demonstrated that in the case of Fospeg® up to 30% of encapsulated mTHPC molecules are localized in the PEG shell with easy access to acceptor structures (i.e. serum proteins) [140] . Thus, both Fospeg® and Foslip® showed a major efflux of mTHPC from liposomes in the circulation [70, 140] .
To overcome low percutaneous penetration in the case of topical mTHPC delivery for the cutaneous malignant (basal-cell carcinoma) or non-malignant diseases (psoriasis, acne, etc), flexible liposomes were suggested [88] [89] [90] . The authors reported that the addition of ethanol and terpene (invasome) or Tween® 20 (flexosome) into the lipid bilayer makes it flexible and provides a significant enhancement of mTHPC accumulation in the skin compared with conventional liposomes in preclinical models [88] [89] [90] . It was found that the highest penetration ability of mTHPC in stratum corneum and deeper skin layers are achieved for cationic flexosomes.
It is worth noting that there were already the attempts to vary the lipid composition of liposomes for mTHPC delivery. The cationic liposomes from dimyristoylphosphatidylcholine (DMPC) containing Gemini surfactant were proposed as a promising tool to overcome the bloodbrain barrier and to improve mTHPC delivery to glioblastoma cells [84] [85] [86] [87] .
In fine, despite the success of liposomal formulations in vivo, their translation into clinical practice is limited perhaps due to the not optimal drug release and limited penetration of drug-loaded liposomes into the tumor tissues. In order to maximize the benefits of liposomal carriers, a balance between drug delivery to the tumor and drug release from the liposomes must be achieved, for example using stimuli-response moieties, making the liposomal carries triggerable.
Extracellular vesicles
While liposomes represent pure lipid bilayer, natural biomembranes consist of a mix of different lipids including peptides, saccharides, receptors, etc. All these components confer membranes' flexibility, providing specific cell-recognition mechanisms and protecting bilayer from undesirable interactions with other biomacromolecules [145] . Thus, it was suggested to use natural liposomes, derived from the cellular membranes, namely extracellular vesicles (EVs), as nanocarriers for PSs [146] , including mTHPC [76, 91, 97] . To encapsulate mTHPC in EVs, precursor endothelial cells were loaded with mTHPC before EVs isolation [76] . As a result, the purified EV suspension was loaded with 3% mTHPC and was slightly heterogeneous in size (from 100 to 500 nm). To increase the loading capacity of mTHPC into EVs, EVs were modified by fusion with mTHPC-loaded liposomes [91] . This approach has allowed increasing the drug encapsulation efficiency up to 90%. In addition, due to the biogenic composition, mTHPC-EVs showed a remarkable increase in stability in the presence of plasma proteins compared with conventional liposomes as Foslip® [76] . Upon the interaction with serum components, EVs kept their integrity, while its size was reduced to 70 nm. In its turn, the small size of serum-treated EVs together with enhanced flexibility of natural membrane caused deep penetration of EVs-based mTHPC into tumor spheroids. It is worth noting that EVs also release mTHPC in the presence of serum but much slower than Foslip® [76] . The opportunity of mTHPC release from EVs promotes PS accumulation. Indeed, the cellular uptake and photocytotoxicity of mTHPC-EVs were 2 and 4-times higher in 3D tumor spheroids than Foslip® and free mTHPC, respectively. EVs were also used as a theranostic platform, loaded simultaneously with iron NP for diagnosis and mTHPC for therapy [96, 97] . Intratumor administration of these NPs showed improved PDT efficacy in vivo extending a tumor growth delay. To date, EVs is a novel perspective liposomal-based delivery nanoplatform which requires additional studies to fully explore its benefits for drug delivery.
Solid lipid NPs
Solid lipid nanoparticles (SLNPs) are aqueous colloidal dispersions, their matrix is composed of solid biodegradable lipids [147] . While vesicular lipid-based mTHPC formulations consist of the bilayer only, I. Yakavets, et al. Journal of Controlled Release 304 (2019) [268] [269] [270] [271] [272] [273] [274] [275] [276] [277] [278] [279] [280] [281] [282] [283] [284] [285] [286] [287] which is only a small volume of NP, a greater part of SLNPs' volume consists of lipids thus providing the opportunity to encapsulate higher amount of hydrophobic PS molecules [148] . Usually, lipid core is coated with polymeric compounds such as PEG to prevent the dissolution of lipid NPs and a fast drug release in biological fluids. The first report on nTHPC-SLNPs was performed in 2000 when 190-nm oil (Miglyol) reservoirs with PLA-PEG or PLA coated with poloxamer 188 external layers were loaded with mTHPC [43] . However, the choice of polymeric shell had a negative impact on the internalization of NPs and also on PDT efficiency in vitro. Then, 14 years later instead of biodegradable PLA, phospholipids (lipoid s75) and pegylated surfactants (Myrj s40) were suggested to coat lipid inner core (soybean oil and Suppocire NB) (Fig. 10 ) [92] . The authors called it Lipidots and tested this mTHPC-based formulation in various tumor models [73, 92, 93] .
Varying the ratio between components (oily phase: PEG surfactant: phospholipids), the size of Lipidots could be modulated from 20 to 120 nm providing the opportunity to find out the best composition for mTHPC delivery. In advanced 3D cell culture model, the authors demonstrated that small 50-nm Lipidots possess both higher accumulation and penetration ability compared with 120-nm ones. Nevertheless, PS distribution in spheroids, as well as PDT efficiency of 50-nm Lipidots, were close to free mTHPC. A similar tendency was also observed in a CAL33 tumor model in mice. The treatment with conventional liposomal formulation Foslip® was significantly superior to both Foscan® and Lipidots. Thus, the authors emphasized the biocompatibility of Lipidots as the main benefit of this formulation.
In 2016, Brezaniova with co-workers presented liquid droplets based on lipid core stabilized by the nontoxic polymeric surfactant copolymer poly(ethylene oxide-block-e-caprolactone) to deliver mTHPC [94] . Even without active targeting, the obtained 30-nm NPs efficiently delivered mTHPC to the target cells resulting in a 2-fold increase of photocytotoxicity in 4 T1 and human breast carcinoma MDA-MB-231 cell lines. In vitro experiments also demonstrated high stability in the serum of mTHPC encapsulated in NPs. The success of formulation in vitro was also accompanied with more striking and large necrotic areas compared with Foscan® after PDT in xenografted human breast carcinoma MDA-MB-231 mice. Foremost, the significant advantage of mTHPC loaded SLNP is a considerable decrease in DLI (3 h) with 100% tumor growth inhibition at 3rd day post PDT; nevertheless, the partial tumor relapse on the periphery of the original tumor occurred 35 days after PDT.
Recently, several studies involving mTHPC excitation through fluorescence resonance energy transfer (FRET) from the components of the nanodelivery system were reported. The first study was conducted in 2015, when 13-48 nm SLNPs coated with semiconducting polymers and PEGylated phospholipids demonstrated efficient generation of singlet oxygen by mTHPC upon FRET after excitation of semiconducting polymers at 600 nm (Fig. 11) [149] . However, one can suppose that tumor cells can internalize the NPs without the release of mTHPC. Further, the irradiation at 600 nm vs 650 nm is not beneficial for mTHPC-PDT. Probably, this is the reason why up to moment there are no available in vitro and/or in vivo data.
Carbon nanotubes (CNTs)
The strategy to use semiconductor materials as components of nanoplatform for mTHPC delivery was introduced recently with CNTs. Semiconducting CNTs generate heat under illumination in a wide spectral range demonstrating an intrinsic photothermal effect [150] . Marangon and co-workers constructed a nanosystem based on multiwalled carbon nanotubes (MWCNTs) loaded with mTHPC using π-π stacking on their surface for cancer treatment by the combination of photodynamic and photothermal therapies [95] . MWCNTs were shortened to increase their water dispersibility and therefore they obtained the size of 39 nm in diameter and 400 nm in length. mTHPC was loaded with a maximum loading of 3.5%wt resulting in a complete quenching of mTHPC emission by nanotubes. According to this, PS is inactivated in the complex with MWCNTs outside the cell and becomes active after cell internalization of the complex and subsequent light irradiation. The authors evidenced different routes of apoptosis in human ovarian tumor cells (SKOV3) depending on the irradiation conditions culminating synergistically in the apoptosis of the whole cell population when combined PDT and photothermal treatment was applied. Nevertheless, the behavior of such complex in blood raises the questions on the bioavailability and selectivity of MWCNTs as well as on the rate of mTHPC released to serum components.
Hybrid nanodelivery systems
Nanocarriers mainly improve particular mTHPC drawbacks modifying PS behavior at one of the stages of its distribution in the organism. All NPs prevent mTHPC aggregation, while only a few of them improve selectivity and enhance penetration of PS into tumor tissue. In order to maximize the improvement, hybrid nanodelivery systems, which are based on a combination of individual carriers were suggested as an advanced strategy for mTHPC delivery. Thus, a smart choice of hybrid system components could provide a synergetic effect, making mTHPC delivery efficient at all stages.
Due to functional versatility of liposomes, the first example of hybrid system was based on the liposomes which include mTHPC in lipid bilayer while magnetic iron oxide NPs were encapsulated in the inner aqueous core (Fig. 12) [98] . The double cargo was translated into double functionality with photogeneration of singlet oxygen and heat production upon alternating magnetic field stimulation, thus coupling PDT with magnetic hyperthermia (MHT). As a basis, pegylated liposomes (such as Fospeg®) were taken with a slight modification of lipid composition. The authors successfully loaded 200-nm lipid vesicles with mTHPC (the lipid-to-drug ratio was about 7) and iron oxide NPs (about 2400 NPs per vesicle). The authors proved in vitro efficacy of such hybrid NPs as PDT agents as well as MHT sensitizers. In vivo, each treatment alone was able to inhibit tumor growth, while the combination of both therapies remarkably led to the complete tumor regression.
Similar idea to combine hyperthermia and PDT was recently reported by Tsai and co-workers [99] . Instead of liposomes, a concept of SLNPs was adapted for synergistic treatment of glioblastoma using the combination of photothermal (IR-780) and mTHPC-mediated photodynamic actions (Fig. 13) . Hybridization aimed to a use oleic acidcoated upconversion NPs (UCNP) as a basis of solid lipid core due to their ability to excite mTHPC though FRET mechanism absorbing nearinfrared light (980 nm). Along with near-infrared excitation, the treatment of brain tumors requires penetration across the blood-brain barrier. For this purpose, the PEGylated surface of hybrid NPs was decorated with angiopep-2 as an active targeting agent. The concept was successfully confirmed on astrocytoma ALTS1C1 cells in vitro demonstrating pronounced cytotoxicity by combined NIR-triggered photodynamic and photothermal therapies. In consistence with the increased penetration of NPs through endothelial monolayer in vitro, the NPs also demonstrated selective accumulation in brain tumor and prominent apoptotic and necrotic effects on orthotopic tumors in vivo after dual phototherapies (median survival was 24 days). All reported data converge on the idea that proposed NPs are a promising tool against glioblastoma.
It should be noted, that the development of the described hybrid system was focused on the combination of treatment modalities, while the delivery aspects were sometimes neglected. Recently, "drug-in-cyclodextrin-in-liposome" (DCL) hybrid NP was proposed to deliver mTHPC (Fig. 14) [75] . It is worth noting that this approach has been firstly announced by McCormack & Gregoriadis [151] aiming an increase of encapsulation efficiency of hydrophobic drug in liposomes. Due to the unique properties of mTHPC/CDs inclusion complexes, this concept got a second wind. We suppose that liposomes could act as a container while its rapid release and degradation in the biological medium could stimulate the transportation of mTHPC/CD, encapsulated in the aqueous core of liposomes. Moreover, the released mTHPC/CD complexes additionally may increase mTHPC tumor selectivity and improve its penetration into tumor tissues completely refining mTHPC biodistribution. The optimization of drug-loading procedure allows stable and efficient encapsulation of mTHPC bound to β-CDs into conventional liposomes [75] . The synthesized 135-nm mTHPC-DCLs demonstrated a complete penetration of mTHPC and homogeneous PS distribution across the multicellular HT29 tumor spheroids in vitro (Fig. 14 B&C) . However, hybrid mTHPC-DCL construct should be additionally optimized for in vivo studies expecting critical improvements of mTHPC biodistribution in tumor compared to its liposomal counterparts (Foslip®).
Conclusions and perspectives
The rapid growth of nanotechnology is one of the most quickly emerging tendency in cancer therapies, including PDT. Nanotherapeutics are supposed to overcome the major constraints of conventional medicine such as low solubility and stability, non-adequate pharmacokinetic profiles and side effects. To date, many nanoplatforms were applied for the delivery of mTHPC, one of the most potent clinically approved PS.
Potent mTHPC-based NPs have been intensively tested in different in vitro preclinical models (2D and 3D tumor cell cultures), while complete PDT studies, including biodistribution, pharmacokinetics and PDT efficacy in tumor-bearing in vivo animal models are rather sparse. This situation seriously complicates the assessment of the benefits of mTHPC-based NPs against Foscan®. We attempted to summarize the general benefits and limitations of mTHPC-based nanoconstructs compared to free mTHPC (Table 2 ). In spite of the great disparity of pros and cons for each nanoconstruct, some common elements can be discerned. First of all, nanoplatforms effectively solve the problem of mTHPC aggregation, providing easy administration of PS. Secondly, the dark toxicity of mTHPC delivered by NPs is significantly lower than that of free drug. Further, among mTHPC nanoformulations that were tested in preclinical in vivo models, the majority of them demonstrated an improved selectivity and bioavailability. Common drawbacks for mTHPC-based NPs are difficult to list since they greatly depend on individual characteristics of each NP. We can only note a rather poor drug release at the target site. It seems inconsistent but NPs with high stability in plasma lack the efficient drug release at the target tumor site. An optimal balance between NPs' plasma stability and efficient PS release could be achieved with the tailoring of stimuli-response moieties thus providing control drug release.
Due to the variability of processes involved in the drug distribution at various stages (blood circulation, tumor tissue distribution, intracellular accumulation), the algorithms for the design of ideal NPs do not yet exist. We suppose that combining different NPs in one nanoplatform will foster future research avenue in the field of mTHPC delivery. Lipid and polymer nanocapsules could be used for this purpose. To date, several reports on the successful inclusion of various drugloaded nanoparticles (CDs complexes, micelles) in liposomes [152, 153] or inclusion of drug-CDs complexes in PLGA nanocapsules [154] have been published. Recently, hybrid drug-in-cyclodextrin-in-liposome nanoplatform was adapted for mTHPC combining the benefits of both liposomal nanocarriers and CD nanoshuttles [75] . Finally, the association of different nanoparticles in one nanoplatform allow the combination of several treatment modalities improving anti-tumor effect in vivo and offering an advanced strategy of anticancer treatment [155] . 
